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SOFT METAL CONDUCTOR AND METHOD 
OF MAKING 

CROSS REFERENCE TO RELATED 
APPLICATION 

This is a continuation-in-part of U.S. application Scr. No. 
08/367,565, filed Jan. 3, 1995. 

FIELD OF THE INVENTION 

The present invention generally relates to a soft metal 
conductor for use in a semiconductor device and a method 
of making such conductor and more particularly, relates to 
a soft metal conductor that has improved wear resistance in 
its surface layer for use in a semiconductor device wherein 
the surface layer consists of metal grains having grain sizes 
sufficiently large so as to provide a substantially scratch-free 
surface upon polishing in a subsequent chemical mechanical 
polishing step and a dual-step deposition method for making 
such conductor. 

BACKGROUND OF THE INVENTION 

Metal films have been utilized in semiconductor manu- 
facturing to electrically connect together various compo- 
nents formed on a semiconductor wafer. For instance, vias, 
interconnects, trenches are just a few examples of such 
applications. Elemental aluminum and its alloys such as 
aluminum-copper have been used traditionally for these 
applications. The advantages of using aluminum and its 
alloys include the low resistivity, the superior adhesion to 
Si0 2 , the case of patterning, the high purity and low cost of 
the materials. 

Aluminum and aluminum alloys arc not without draw- 
backs when utilized in semiconductor technology. Two of 
these drawbacks arc the softness of the materials which 
results in difficulty in polishing and the clectromigralion 
phenomenon which results in circuit failure. For instance, 
the polishing problem has been observed in a process where 
metal films or metal conductive lines are formed in a 
damascene process by first filling troughs previously etched 
in an insulator with a metal and then polishing away metal 
deposited between the troughs. When a soft metal is used, 
i.e., aluminum, copper or aluminum-copper alloy, the sur- 
face of the metal lines may become scratched in a polishing 
process. 'Hie formation of delects during polishing of 
scratches, pockets, depressions or erosions in the metal 
surface significantly increases the line resistance and thus 
reduces the yield of the semiconductor manufacturing pro- 
cess. 

In order to avoid these defects produced in the polishing 
process of soft metals, capping by hard layers has been tried 
by others to improve the wear resistance of the surface layer 
of the metal. However, this is achieved at the expense of 
higher capacitance as the line thickness increases. It is 55 
inherently difficult to improve the wear resistance of soft 
metals which requires the processing steps of polishing. 
Poor polishing results in variations in the line or via resis- 
tance. 

It is therefore an object of the present invention to provide 60 
a soft metal conductor that has improved wear resistance in 
its uppermost surface and a method of making the same 
without the shortcomings of the prior art conductors and the 
prior art methods. 

It is another object of the present invention to provide a 65 
soft metal conductor that has improved wear resistance in its 
uppermost surface such that a substantially scratch-free 
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surface can be obtained after polishing in a chemical 
mechanical polishing process. 

It is a further object of the present invention to provide a 
soft metal conductor that has improved wear resistance in its 
5 uppermost surface by simply modifying the processing 
conditions of the deposition process for the soft metal. 

It is yet another object of the present invention to provide 
a soft metal conductor that has a substantially scratch-free 
surface upon polishing by depositing a soft metal layer 
10 consisting of metal grains having large grain sizes in its 
uppermost layer. 

It is another further object of the present invention to 
provide an electrically conducting soft metal structure that 
has a substantially scratch-free surface upon polishing by 
15 depositing in the uppermost layer of said structure grains of 
soft metal not smaller than about 200 nm. 

It is still another object of the present invention to provide 
an electrically conducting soft metal structure that has a 
substantially scratch -free surface upon polishing for use in a 
20 semiconductor device by depositing in the uppermost layer 
of said structure metal grains having grain sizes not smaller 
than about 20% of the thickness of the soft metal structure. 
It is still another further object of the present invention to 
95 provide an electrically conducting soft metal structure that 
has a substantially scratch-free surface upon polishing for 
use in a semiconductor device wherein the surface has a 
layer of at least about 100 nm in thickness of large grain size 
metal grains deposited therein. 
30 It is yet another further object of the present invention to 
provide a method of making a soft meal conductor that has 
a substantially scratch-free surface upon polishing for use in 
a semiconductor device by a physical vapor deposition 
technique, a chemical vapor deposition technique or a dual- 
35 step deposition technique. 

SUMMARY OF THE INVENTION 
During chem-mcch polishing (CMP), overall wear resis- 
tance is important. Wear could be due to the combination of 
io chemical and mechanical action and the contribution of each 
is difficult to separate. It has been experimentally observed 
in by the inventors that the large grains during the high 
temperature deposition process or thermal annealing or 
combination of low temperature deposition followed by high 
temperature annealing or deposition improves wear resis- 
tance. These facts can be technically explained as follows: 
A. During CMP,"wear" mechanisms can be attributed to 
chemical wear in combination with adhesion, abrasion and 
delamination wear. It appears that these components attack 
50 the large grains differently. 

For mechanical component strength, adhesion (if loose 
debris are formed they can scratch the metallic layers), 
hardness etc. are important. For chemical component etch- 
ability in the chemical solution, slurry composition (pll), 
microstructure, etc., play a role in metal removal. Other 
parameters such as polishing pressure, speed, and pad struc- 
ture play a significant role. Keeping other parameters 
constant, large grains with minimal defects may resist over- 
all wear better than the small grains. It can be deduced that 
the ratio of atoms on the grain boundary and atoms in the 
grain itself =2xl0" 3 /(xd), where x is lattice spacing and d is 
grain size in microns, assuming a square grain). Thus the 
larger the grain size smaller is the fraction of atoms on the 
grain boundary for constant x. Also, smaller grains (having 
larger surface of grain boundaries) are prone to chemical 
attack during CMP. Once the grain are loose they can be 
easily knocked down due to mechanical action during CMP. 
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These debris can scratch the metal. Thus it is possible that 
small grains can wear faster than large grains. Experimental 
results support this statement. 

In addition, small grains when annealed to form large 
grains or large grains formed at high temperature deposition 
process reduces the free volume or defect structure changing 
the grain boundary (free volume or defects are susceptible to 
chemical attack). The reduction of these defects during grain 
growth may improve resistance to chemical attack at the 
grain boundaries and also improve wear related to adhesion. 

B. If impurities arc added in the film they would segregate 
at grain boundaries during grain growth. In the case of alloys 
(e.g Al — Cu), intermetallic would form at the grain bound- 
aries. These impurities or intermetallic can prevent attack al 
the grain boundaries or improve wear resistance during 
CMP. Impurities which imparl sufficient wear resistance 
would be beneficial from the point of view of CMP. In short 
large grains formed by thermal annealing or high tempera- 
ture deposition or combination, etc., would improve wear 
resistance (also improvement of adhesion, less debris during 
polishing and scratching) based on the reasons given above. 

In accordance with the present invention, a soft metal 
conductor that has a substantially scratch-free uppermost 
surface upon polishing for use in a semiconductor device 
and a method of making the same is provided. 

In the preferred embodiment, the sofl melal conductor is 
provided by depositing an uppermost layer of the conductor 
consisting of grains having grain sizes not smaller than 
about 20% of the thickness of the soft metal conductor. This 
is achieved by, for instance, depositing an uppermost layer 
of the sofl melal material to a thickness of not less lhan 100 
nm with grains of soft metal not less than 200 nm in grain 
sizes. The large grains provide a significantly improved wear 
resistance in the uppermost layer of the soft metal conductor 
such that a substantially scratch-free surface upon polishing 
in a subsequent chemical mechanical polishing process is 
obtained. By substantially scratch-free, it is meant that a 
surface is obtained after polishing that has less than five 
scratches per square centimeter area. 

In an alternate embodiment, a layer of sofl melal having 
smaller grains, i.e., a grain size of not larger than 50 nm is 
first deposited in the soft metal conductor to a thickness of 
not less than 600 nm, an uppermost layer of large grains 
having grain sizes not smaller than 200 nm is then deposited 
on lop of the layer of small grains. The large grain size in the 
uppermost layer provides the desirable scratch-free surface 
for polishing, while the middle layer of soft metal in small 
grains provides a layer of material without the thermal 
voiding problem. 

In another alternate embodiment, a layer of soft melal 
having small grains of less than 50 nm in size is sandwiched 
between a bottom layer and a top layer of metal consisting 
of grains of larger than 200 nm in size. 

In yet another alternate embodiment, after a large grain 
soft metal Ml is deposited, a layer of Ti (or Ti/TiN) is 
sequentially deposited on top of the soft metal. The Ti layer 
(or Ti/TiN) deposited al the interface between ihe via and 
Ml, M2 has a thickness of not higher than 30 nm so as to 
provide improved a nti-eleclro migration properly in the sofl 
metal conductor after the Ti layer is convened to a TiAl 3 
layer in a subsequently conducted annealing process at 400° 
C. Ml, M2 are metal slacks of Ti/Al — Cu/Ti/TiN. 

The present invention is also directed to a method of 
making a soft metal conductor that has a substantially 
scratch-free surface upon polishing by a multi-step deposi- 
tion process, i.e., first sputtering at 450° C. for 10-15 sec, 
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then al 400° C. for 2 min and followed by 450° C. for 15-20 
sec. A soft metal conductor that has improved wear resis- 
tance in its uppermost surface can be obtained. 
The present invention is further directed to a method of 
5 forming a substantially scratch-free surface on a sofl melal 
conductor by first depositing a soft metal layer at a low 
deposition temperature and then annealing the sofl metal 
layer at a higher temperature to increase the grain size of the 
metal. 

10 The present invention is further directed lo a method for 
making a soft metal conductor for use in an electronic device 
that can be carried out by the steps of first depositing a first 
layer of metal by a physical vapor deposition technique to a 
first thickness, and then depositing a second layer of melal 

35 on lop of the first layer of metal to a second thickness larger 
than the first thickness by a method such as chemical vapor 
deposition, electroplating or elcctrolcss plating. The first and 
the second metal layer can be deposited of a metal such as 
Al, Cu, Ag, AlCu, CuAg, AlAg and AlCuAg. The second 

20 melal layer deposited has an average grain size of not 
smaller lhan 0.3 /*m. The first thickness of the first layer of 
metal is al least 200 nm (nominal 100 nm), while the second 
Ihickness of the second layer of metal is al leasl 300 nm. The 
second layer of metal can be deposited by a chemical vapor 

25 deposition technique at a reaction temperature of not less 
than 300° C. The first layer of metal can be deposited by a 
physical vapor deposition technique thai includes large grain 
copper alloyed with an element such as C, li, N, or elements 
selected from Group I II A, IVA and VA for improved wear 

30 and clcctromigration resistance. The second layer of metal 
deposited has a sheet resistance of not higher than 0.1 £>/□. 

The present invention is further directed to a dual-step 
deposition method for making a soft metal conductor for use 

35 in an electronic device that includes the steps of first 
depositing a first layer of melal by a chemical vapor depo- 
sition technique to a first thickness, and then depositing a 
second layer of metal by a technique such as electroplating, 
electroless plating or high temperature physical vapor depo- 

40 sition to a second thickness. The first metal layer deposited 
has an average grain size of not smaller than 0.1 um. The 
first layer of melal can be deposited by a chemical vapor 
deposition technique resulting in a sheet resistance not 
higher than 0.1 Q/D. 

45 The present invention is still further directed to a method 
for forming an interconnect in a logic or memory device by 
at least two levels of metal which can be carried out by the 
operating steps of first depositing at least one layer of metal 
into a line or via hole of Cu, Ag, Al and binary and lernary 

50 alloys thereof, and then depositing a final layer of Cu which 
has an average grain size of not smaller than 0.3 /.im on top 
of the at least one layer of metal into the line or via hole. The 
at least one layer of metal may include two layers of metal 
deposited into a line or via hole. The final layer of Cu has a 

55 sheet resistance of not more than 0.1 Q/d. 

The present invention is further directed to a method for 
forming an interconnect structure that is surrounded at least 
on 3 sides by an amorphous barrier layer which can be 
carried out by the steps of first depositing an amorphous 

60 barrier layer of refractory metal nitride or carbide into a line 
or via hole by a vapor deposition technique, and then 
depositing a layer of a conductive melal which has an 
average grain size of not smaller than 0.3 //m on top of the 
amorphous barrier layer to fill the liner or via hole. The 

65 amorphous barriers includes refractory melal in the refrac- 
tory metal nitride barriers or carbides or borides of W, Ta or 
Ti alloyed with Si. The conductive metal can be deposited al 
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a temperature between about 300° C. and about 400° C. The 
refractory metal nitride can be deposited by a sputtering 
technique by using a composite target of metal and silicon 
in nitrogen ambient. llic method may further include the 
step of annealing the amorphous barrier layer at a tempera- 
ture of not lower than 400° C. for at least a half hour prior 
to the conductive metal deposition step. The method may 
further include embedding the interconnect structure formed 
by the amorphous barrier layer and the conductive metal. 
The hard dielectric layer may be deposited of a material of 
either a fluorinaled oxide or a iluorinatcd nitride. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects, features and advantages of the present 
invention will become apparent upon consideration of the 
specification and the appended drawings, in which: 

FIG. 1 is a graph illustrating a present invention soft metal 
conductor in a dual damascene structure as deposited. 

FIG. 2 is a graph illustrating the present invention soft 
metal conductor in a final dual damascene structure with the 
formation of TiAl 3 or a hard dielectric layer at the interface. 

FIG. 3 is a graph illustrating the present invention soft 
metal conductor in a single damascene structure as depos- 
ited. 

FIG. 4 is a graph illustrating a present invention soft metal 
conductor in a single damascene structure with the deposi- 
tion of Ti and TiN layers at the interface. 

FIG. 5 is a graph illustrating a present invention soft metal 
conductor in a final single damascene structure with the 
formation of TiAl 3 at the interface. 

FIG. 6 is a graph illustrating the dependence of surface 
resistance on polishing time for surfaces having various 
grain sizes. 

FIG. 7 is a graph illustrating a present invention soft metal 
conductor in a dual damascene structure that has a thin 
amorphous liner. 

FIG. 8 is a graph illustrating a present invention soft metal 
conductor in a single damascene structure that has a thin 
amorphous liner. 

DETAILED DESCRIPTION OF TOE 
PREFERRED AND ALTERNATE 
EMBODIMENTS 

The present invention provides an improves soft metal 
conductor for use in semiconductor devices that has a 
composite large/small grain structure with a greatly 
improved polishing capability. It is known that soft metals 
are susceptible to scratching or erosion when subjected to 
polishing. By increasing the grain size in the surface layer of 
the metal, the wear resistance of the soft metal is greatly 
improved. T he improvement in wear resistance is by a factor 
of at least 4 to 5 compared to a standard structure. 

Multi-layered structure can.be achieved by a sputtering 
deposition process. For instance, a first layer is deposited at 
a high temperature for less than 30 sec, followed by a low 
temperature to fill the bulk of the lines or vias and finally, a 
deposition at a high temperature for less than 30 sec. 

A structure and a method are disclosed to improve the 
wear resistance of soft, low resistivity metals such as 
aluminum, aluminum-copper, copper, etc. The method 
achieves a multi-layered grain structure in one deposition 
cycle. The sequence of the layering can be as follows: (1) 
large grains, (2) small grains, and (3) large grains. The 
bottom and the top layers act as polishing stops, while the 
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middle layer deposited at low temperature helps prevent 
thermal voiding. Since the material is homogeneous, there is 
no loss of resistance. The structure is achieved in one 
deposition cycle, i.e., depositing at high temperature for a 

5 thickness of 100-200 nm, then depositing 700-800 nm 
thickness at low temperature and low pressure, and finally 
depositing a thickness of 1OO-20U nm at high temperature. 
The deposition time and temperature can be adjusted so that 
the thermal budget is well below the voiding temperature. 

10 The multi-layered grain structure can also be achieved by 
the rapid thermal annealing (RTA) of these layers. For 
instance, smaller grains formed at about 100-300° C. may 
be annealed at 400° C. for a length of time sufficient to grow 
the small grains into grains larger than 200 nm in grain size. 

15 Multi-layered grain structure is created by using both 
PVD, CVD, electroplating or electroless plating processes 
and subsequent annealing techniques in dual and single 
damascene/reactive ion etching (RIE) structures according 
to a prescribed relationship for chemical mechanical polish- 

20 ing. The following are examples of various structures and 
the associated experimental processes. 

Homogenous large grain structure can be created by the 
deposition technique described in this invention, e.g., by 
CVD, PVD, electroplating, electroless plating, combination 

25 of these processes etc., as well as dual deposition techniques 
discussed earlier. 

EXAMPLE i 

30 Example 1 illustrates the formation of a dual damascene 
via structure by the present invention method. A dry etch 
method, reactive ion etching (RIE) is first used to clean the 
interface before an aluminum-copper deposition. As shown 
in FIG. 1, a via structure 10 is formed on top of already 

35 reactively ion etched layer of Ti/Al — Cu/Ti shown as Ml in 
FIG. 1. An oxide layer 12 or any other low dielectric 
constant inorganic or organic layer is deposited and pla- 
narized by chemical mechanical polishing by using colloidal 
silica. Additional oxide 14 is deposited and then patterned 

40 for the lines and vias. The lines are then opened up by using 
the RIE technique. The RIE technique is an important step 
used to remove all non-Al — Cu layers on top of the already 
formed Ml layer. A PVD process is then used to deposit a 
layer 16 of Ti of less than 30 nm, a layer 20 of TiN, a layer 

45 18 of AI — Cu, and a final layer of Ti/TiN sequentially. The 
Al — Cu layer deposition is achieved by producing metal 
grains having grain sizes of at least about 20% of the 
thickness of the soft metal layer. The structure is then 
chemically polished using slurry containing silica particles 

50 and low pressure to form interconnects and vias in one step. 
A second method of using a wet etch method to clean the 
interface before the Al — Cu deposition for a dual damascene 
structure is shown in FIG. 2. In this via structure 30, buffered 
I IF (10:1) is first used to clean the Ti/TiN layers 32 and 34 

55 on top of the Ml layer. H 2 0 2 based wet etch may also be 
used to clean the via and create an encroached structure. As 
a result, an encroached structure with the Ti layer 32 forming 
a TiAl 3 layer during subsequent annealing at 400° C. for 30 
min is achieved. It should be noted that at the shoulder 

60 portions 42 of the wet etched area 44 in the Ml layer, the 
layer of Ti deposited is very thin and in some instances, 
almost non-existent. After depositing a second Ti/Al — Cu/ 
Ti, or Ti/TiN/AlCu/Ti layer 38, the Ti layer 40 (which 
subsequently forms TiAl 3 after 400° C. annealing) is only 

65 under the via and does not encroach as shown in FIG. 2. The 
remaining processing steps for the Al — Cu deposition is the 
same as the example described above by using the dry etch 
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method. The thickness of TiAI 3 layer 32 formed is between 
about 30 and about 60 nm except the area 46 directly under 
the via which is less than 30 nm. 

EXAMPLE 2 

A single damascene structure may by utilizing a dry etch 
RIE technique to clean the interface before the Al — Cu 
deposition is shown in FIG. 3. The via structure 50 is formed 
on top of already reaclively ion etched Ml layer of Ti/Al — 
Cu/Ti. An oxide or other low dielectric constant inorganic or 
organic layer 54 is deposited and planarizcd by chemical 
mechanical polishing using colloidal silica. The oxide layer 
54 is patterned for via 50. A first via is opened up using the 
RIE technique. An important step is to use RIE to remove all 
non-Al — Cu layers on top of the already formed Ml layer. 
A PVD process is then used to form a first Ti layer (or Ti/TiN 
sandwich layer) 58 generally of a thickness of less than 30 
nm and Ti layer 68 generally of a thickness between about 
20 nm and about 30 nm, and then a layer 60 of Al — Cu. This 
is shown in FIG. 4. The Ti layers 58 and 68 subsequently 
forms TiAl 3 after annealing at 400° C. The Al — Cu layer 
deposition process is conducted resulting in a layer having 
grain sizes of at least about 20% of the thickness of the soft 
metal layer deposited. The via structure 50 is then chemi- 
cally polished using a slurry loaded with silica particles and 
low polishing pressures. A layer M2 is then deposited with 
a very thin Ti layer 64, i.e., less than 30 nm underneath, then 
patterned and reaclively ion etched to form the interconnect 
structure. The top Ti layer 64 can be thicker than the bottom 
Ti layer 58. Layers 62 and 66 of TiN are formed as 
a nti- reflective coatings for the photo masking process. 

It should be noted at the shoulder portions 80 of the wet 
etched cavity 84, the Ti film is very thin or almost non- 
existent. A continuous aluminum phase therefore exists al 
the shoulder portions 80. This further promotes the anti- 
electromigration characteristics of the present invention soli 
metal conductor. 

A second method of forming a single damascene is the use 
of wet etch technique to clean the interface before the 
Al — Cu deposition. In the via structure 70 as shown in FIG. 
5, buttered HF (50:1) is used to clean layers 72 and 74 of Ti 
and TiN on top of layer Ml. As a result, an encroached 
structure was formed. After depositing layer 78 of Ti/Al — 
Cu/Ti, the Ti layer 82 (which subsequently forms TLA1 3 after 
annealing at 400° C. for 30 min) is only under the via and 
does not encroach to other areas as shown in FIG. 5. The 
remaining process for Al — Cu deposition is the same as 
described above in the dry etch method for single dama- 
scene. The encroachment allows the easy flux of Al — Cu 
under an electric field and thus improving the eleclromigra- 
tion resistance of the structure. 

The structures shown in FIGS. 1-5 were tested for elec- 
tromigration resistance. To evaluate the elcctromigration 
characteristics of the two level structures, 1.4- /<m in diam- 
eter were fabricated. Electromigralion lests were carried out 
at a current density of 1.22 MA/cm 2 . A 20% resistance shift 
is used as a criterion for failure. The two level Al — Cu 
line/via structure was compared to a CVD formed W via/ 
Al — Cu line structure. The mean time to failure for Al — Cu 
vias showed at least an order of magnitude of improvement 
over the mean time to failure for the CVD formed W stud. 

A series of tests was conducted to verify the improvement 
in wear resistance of the soft metal conductors. For instance, 
aluminum and copper were deposited to create large grain 
structures using a sputtering process and the data obtained 
are shown in Table 1. 
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TAJ3LE 1 
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10 



Sputtering 


Target to work 


Grain 




Sheet 


Pressure 


Distance 


Size 


Yield* 


Resistance 


mT 


cm 


//m 


% 


QIO 


0.2 


15 


1.0 


92 


0/035 


0.3 


15 


0.8 


95 


0.032 


0.8 


20 


0.7 


90 


0.033 


1.0 


30 


0.7 


93 


0.034 



As shown in Table 1, large metal grains can be created by 
using short throw/long throw sputtering techniques. As a 
result, the yield increases dramatically while maintaining the 

j5 sheet resistance. 

It should be noted that in Table 1, the substrate tempera- 
ture during the test was maintained at 30° C. In all cases, 
Al — Cu film thickness was kept at between 1 to 1.5 /mi. The 
same tests were repealed for copper wilh similar results 

20 obtained. For the yield analysis, a comb-serpentine structure 
was used with a total line length of 50 cm. The sheet 
resistance data were measured on 50 sites per wafer. The 
aspect ratio of the vias filled is 3. 

When the temperature of the deposition process is 
25 changed by in-situ or separate heating (by IITA or re flow 
process), the grain size can be further improved to achieve 
the wear/scratch resistance. These data are shown in Tables 

2 and 3. 



TABLE 2 



Sputtering 


Target to work 


Grain 




Sheet 


Pressure 


Distance 


Size 


Yield* 


Resistance 


mT 


cm 


/an 


% 


e/a 


0.2 


15 


2.4 


90 


0.034 


0.3 


15 


2.2 


93 


0.034 


0.8 


20 


1.9 


92 


0.033 


1.0 


30 


1.8 


96 


0.032 


2.0 


30 


1.8 


■ 93 


0.033 



For Table 2, the substrate temperature during the tests is 
maintained at between 400-475° C. The yield analysis data 
is obtained by a comb-serpentine structure with a total line 
length of 50 cm. The average sheet resistance was measured 
45 based on 50 sites per wafer. The aspect ratio filled is 4. 
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Sputtering 


Target to work 


Grain 




Sheet 


Pressure 


Distance 


Size 


Yield- 


Resistance 


mT 


cm 


//m 


's; 


Q/D 


0.8 


15 


2.9 


S9 


0.035 


1.0 


15 


2.7 


94 


0.034 


2.0 


15 


2.4 


87 


0.034 


3.0 


15 


2.8 


87 


0.034 



The substrate temperature of samples shown in Table 3 
are maintained al between 475-550° C. The yield analysis 
data were obtained by a comb-serpentine structure with a 
60 total line length of 50 cm. The average sheet resistance was 
measured based on 50 sites per wafer. The aspect ratio filled 
is 2. 

It was discovered that when samples are heated up to the 
melting temperature or when converting the surface layer to 
65 large grains by using the rapid thermal annealing (RTA) 
technique, the wear/scratch resistance of the samples can be 
further improved. These data are shown in Table 4. 
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TABLE 4 



Sputtering 


Target to work 


Grain 




Sheet 


Pressure 


Distance 


Size 


Yield' 


Resislaoce 


mT 


cm 


//m 


% 


n/n 


1.0 


15 


3.2 


96 


0.033 


2.0 


15 


3.3 


90 


0.033 


3.0 


15 


3.4 


96 


0.034 



As shown in Table 4, the films are deposited at three 
diUerenl pressures around 100° C. and then heated in a 
furnace at 580° C. for five minutes to fill metal into the 
coutacts/trenches. In a separate experiment, the films were 
heated by using RTA technique at 600° C. for two minutes. 
The yield analysis data are obtained by a comb-serpentine 
structure with a total line length of 50 cm. An average sheet 
resistance is measured based on 50 sites per wafer. The 
aspect ratio filled is 2. 

Deposition/annealing processes are also used for metals 
such as Al — Cu and Cu. First, metal is deposited at tem- 
peratures about 100-300° C. to fill high aspect ratio vias 
(i.e., 2 to 3). They are then heated to temperatures about 
400° C. to increase the grain size. A polishing process is then 
performed to verify the increase in resistance to scratching. 

Other deposition techniques, such as evaporation, colli- 
mation and CVD have also been used in the deposition of 
Al — Cu and Cu with similarly desirable results achieved. 

All polishing experiments were carried out by using 
particles having various hardness in the slurry, e.g., A1 2 0 3 , 
silica and silicon nitride. The polishing processes were 
carried out by using a prescribed relationship to polish soft 
layers such as Al — Cu and Cu. 

<W _ KAR^fl P V c G p 
di ~ H m G m 

Where p denotes particles in the slurry, m denotes soft 
metal, pd denotes pad and c denotes chuck or wafer holder. 
dV/dl is the rale al which melal volume is removed. H is the 
hardness, A is the area of the metal exposed, G is the grain 
zie, R is the roughness, K is a constant that depends on 
chemical bonds between particles, metal, pads and pH 
factor, etc., V^is the speed of the chuck. 

A graph of the resistance data plotted against polishing 
time for soft metals having various grain sizes is shown in 
FIG. 6. A first layer with homogeneous grain structure is 
created and the wear resistance is evaluated and compared 
against a standard Al — Cu structure. The polishing rates, as 
shown in FIG. 6, are obtained for structures with homoge- 
neous grain structures. An unexpected result is obtained 
which shows the larger the grain size, the larger is the wear 
resistance of the soft metal. A combination of these multi- 
layered grain structure is formed and polished to form the 
vias. 

EXAMPLE 3 

In this example, soft melal is deposited by using a dual or 
multi-step deposition process to improve the grain size and 
fill. A multi-step process for depositing soft metal such as Al, 
Cu or Ag using PVD followed by a process which generates 
large grain size and is conformal (e.g., CVD Cu, electro- 
plating or electroless plating) can be used. Table 5 shows 
data obtained on samples prepared by such method. 



TABLE 5 



5 





Grain Size 


Yield 


Sheet rho 


Metal 




% 


(«/□) 


Al— Cu 


2 


96 


0.038 


Cu 


1.5 


98 


0.025 



First, a PVD layer of metal (100-200 nra) was deposited 
30 by sputtering. Then, CVD Cu (600-900 nm) was deposited 
on the PVD layer to improve the grain size at 350° C. using 
Cu hexafiuoroacelylacelonato (hfac) 2 compounds. The 
thickness of the trenches/vias was in the order of 1 /<m and 
fill was close to 100%. The aspect ratio was close to 2.5-3.0. 
35 It is expected that the use of other deposition techniques 
such as plating or electroplating can improve the grain size 
as well. The present invention increases the grain size for 
improved wear and electromigration resistance. In addition, 
the first PVD layer may contain large grain Cu alloyed with 
20 carbon, boron, nitrogen and other small impurities such as 
group I1IA, IVAand VAfrom the periodic table. These alloys 
may further impart improved wear and electromigration 
behavior. 

25 EXAMPLE 4 

In another method for improving the melal grain size, a 
CVD layer can be deposited first and then followed by an 
electroplating, electroless plating or high temperature PVD 
process. Experiments were canied out to demonstrate such 
30 processes. Table 6 contains data showing the enlargement of 
metal grains and fill when the thickness of the film deposited 
is approximately 0.1 ^m. The fill achieved was void-free for 
an aspect ratio between 3 and 4. 



TABLE 6 





Grain Size 


Meld 


Sheet rho 


Metal 




% 


(«/□) 


Al— Cu 


1.5 


90 


0.034 


Cu 


1.2 


93 


0.025 



EXAMPLE 5 

It has been discovered that, for high performance logic 
and memory devices on a single chip, Cu or its alloys are the 
best interconnects to lower the RC delays. This includes 
SRAM or DRAM devices along with main processors. 
Experiments have been conducted to prove this concept by 
using a 512K SRAM device and associated high perfor- 
mance logic. This concept can be extended to the structure 
which has high performance dynamic logic circuits along 
with memory (a memory cell that has 6 transistor CMOS). 
There are three levels of metal, out of which the final level 
metal line and via was made of copper. The results are 
shown in Table 7, wherein the bit yield is based on 512K 
bits. 



TABLE 7 
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Grain Size 


Yield* 


Sheet rho 


Metal 


im) 


% 


(«/□) 


Al—Cu 


1.0 


88 


0.036 


Cu 


1.2 


91 


0.023 



The above demonstration shows that it is possible to 
contend the concept to logic and main memory such that 



